Objective-To provide quantitative estimates of exposure to benzene for cases and controls in an epidemiology study to investigate the risk of leukaemia in petroleum distribution workers. Methods-Work histories were obtained for cases and controls together with detailed information on the distribution sites. For each job in the work history, an estimate of exposure (parts per million (ppm)) was obtained by multiplying a measure derived from exposure data by modifying factors to reflect the differences between the conditions that existed at the time of measurement and those at the time of interest. The modifying factors used related to job activity, the number of road tankers loaded, the benzene content of the gasoline, the mixture of products handled, temperature, and loading technology. Cumulative exposures for each case and control were obtained by multiplying the exposure estimates for each job by the duration of time in the respective jobs, and summing these over all jobs in the work history. Peak exposure and exposure through dermal contact were quantitatively classified for each job. Results-Measured exposures were obtained for 30 job categories, and ranged from 0-003 to 8-20 ppm. 40% of work histories were assigned background exposures, with a further 34% assigned the exposure estimate for a driver carrying out top submerged loading of motor fuel into road tankers. Cumulative exposures ranged from < 1 to > 200 ppm-years, although 81% were < 5 ppm-years.
Abstract
Objective-To provide quantitative estimates of exposure to benzene for cases and controls in an epidemiology study to investigate the risk of leukaemia in petroleum distribution workers. Methods-Work histories were obtained for cases and controls together with detailed information on the distribution sites. For each job in the work history, an estimate of exposure (parts per million (ppm)) was obtained by multiplying a measure derived from exposure data by modifying factors to reflect the differences between the conditions that existed at the time of measurement and those at the time of interest. The modifying factors used related to job activity, the number of road tankers loaded, the benzene content of the gasoline, the mixture of products handled, temperature, and loading technology. Cumulative exposures for each case and control were obtained by multiplying the exposure estimates for each job by the duration of time in the respective jobs, and summing these over all jobs in the work history. Peak exposure and exposure through dermal contact were quantitatively classified for each job. Results History of the petroleum industry There were a wide variety of tasks carried out in the marketing and distribution industries varying from administration to activities which entailed regular exposure to gasoline, and as a consequence to benzene. The period covered by the study was 1909-92 during which many operational and technological changes occurred. For example, horse drawn vehicles were replaced by road tanker vehicles which, over time, increased in size and delivered petroleum products to much wider areas. After the second world war, there was a rationalisation of terminals and the network of many small terminals was replaced by fewer larger terminals. Also, the technology used to load bulk delivery vehicles changed and, as a consequence, exposures of people engaged in loading vehicles was reduced. Most fuels were imported before 1950 when refineries were built in the United Kingdom so that it could become self sufficient in petroleum products. Refinery technology improved from straight distillation to processes which altered the composition of the hydrocarbon mixtures and produced more valuable components. These changes led to different proportions of benzene being present in gasolines. Gasolines were only a part of the total fuels handled at terminals and tended to be in higher proportions in the larger terminals. At most small terminals, < 10% of the products handled were gasolines.
Routes of exposure Exposure to benzene can occur in three different ways, through inhalation, skin contact, and ingestion. Inhalation is the most important route of entry into the body in the petroleum distribution industry, and ingestion the least. Published reports have generally concentrated on measurements of exposure through inhalation, with only brief references made to skin contact. In vivo experiments on human volunteers found that only 0-05% of a dose of 0-0026 mg/cm2 of benzene applied to the forearm skin was absorbed. 4 on exposure to gasoline reported short term exposures, although some long term measurements were given in later reports.56 In general, measurements 5 710 were made by adsorption of the hydrocarbon vapour on to various adsorbents then desorption and separation of the different components by gas chromatography. CONCAWE"'-13 has periodically summarised data on exposure to benzene gathered from its member companies within Europe. In general, interest has focused on short term activities. The data have been collected for tasks which were considered at the time to represent the highest exposures expected-for example, the loading of gasoline into road tankers.
Method
As high quality personal exposure measurements involving full shift time weighted average (TWA) measurements have only been available since the late 1970s, it was necessary to develop a method of estimating exposures for the early periods. Several approaches have been used to estimate exposures retrospectively and some'4-16 have used multiplicative models. These estimate historical exposure by multiplying contemporary exposure results by exposure modifiers to take into account past scenarios and can be used when there are few actual measured data available. When enough actual data exist, statistical models may be more appropriately applied. The deterministic model described by Yu et al'7 uses exposure modifying variables and accommodates step changes in exposure due to changes in process design or work schedules. Such effects are represented by coefficients calculated from exposure data measured before and after the change under consideration, but this model requires more data than were available for this present study.
The method adopted for this study was based on a multiplicative model and extends the method used for deriving exposures for a study of Canadian petroleum distribution workers.'8 The retrospective estimate of workplace exposure (WE) for each job in a work history for all study members was obtained by adjusting the base estimate (BE), a measure derived from exposure data for each job title and modifying factors (K.). These reflected the differences between the conditions that existed at the time of measurement and those at the time of interest.
This can be expressed as: WE = BExKxK21x ... Figure 1 gives a diagrammatic representation of the workplace estimation process. The collection of information on work histories and terminals is described in a separate paper.I The exposure estimation was carried out without knowledge of whether each study member was a case-that is, had leukaemia-or was a control.
DERIVATION OF BASE ESTIMATES
Over 200 occupational hygiene reports and articles, relating to exposure to benzene vapour in the petroleum distribution industry, were collected from the scientific literature, participating companies, and sources associated with industry. The survey reports were reviewed to establish whether the work was undertaken competently and valid sampling Figure 1 Workplace estimation process. and analytical techniques were used. All exposure data were scrutinised to establish whether the modifying factors were sufficiently suitable. Insufficient characterization of the data in many of the studies led to less than 20% of the reports collected being used for derivation of BE.
The BEs are based on personal exposure measurements, in which samples have been collected from the breathing zone of workers. The results arising from a series of measurements can vary as a consequence of several factors including variations in the workplace, the task, the products handled, and the environment.'9 Occupational hygiene data tend to fit a log normal distribution, characterized by a geometric mean (GM) and geometric SD (GSD). The Other factors, such as geographical location and topography, were also considered. Several potential factors were excluded, generally because: (a) the factor did not have an effect on exposure that could be shown-for example, gantry construction and site layout; (b) insufficient data were available to measure and correct for the effect of a factor-for example, wind velocity and worker position; (c) the potential modifying effect occurred over relatively short periods-for example, seasonal variations.
Six modifying factors were used in the final estimation process, five of which were used in the Canadian study.'8 Job activity A job task dictionary was compiled from various sources, including company magazines, interviews, and union records. For certain job titles, for which no measured data were available, we used the BE for the job title that most closely matched the job tasks, modified to take account of any differences. For example: (a) Supervisors were assigned an operator BE, but assumed to have a mix of hands on and administrative duties. The degree of hands on involvement was dependent on the size of the terminal site; for larger sites it was assumed to be 10% and for smaller sites 20%. (b) Drivers who drove road tankers containing black oils (fuels that did not contain benzene, such as heating fuels and bitumen) and were located at sites that handled both white oils (motor and aviation gasoline) and black oils were assumed to drive white oil vehicles one day in 20 (about two weeks a year). The BE for a driver handling motor gasoline was assigned and modified by a factor of 0 05 to take account of this potential exposure.
Number of loads Loading activities were considered to be batch processes. A linear relation was used with the modifying factor being the ratio of the actual number of loads handled to the number of the loads associated with the BE. Terminal information indicated that the average numbers of loads was three and this was used as the default value. If the terminal data stated that two loads were handled a day then the appropriate modifying factor was applied-that is, 2 . 3 (0 67).
Percentage of benzene in the gasoline
The percentage of benzene in gasoline varied according to its source (from which refinery in the United Kingdom or from abroad) and the year of production.
The amount of benzene vapour above a liquid gasoline can be predicted from Raoult's Law:
where VPbelzene = vapour pressure of pure benzene at a given temperature; MFbe,,ene = the mole fraction of benzene in the liquid fuel; PPbenzene = the equilibrium partial pressure of benzene in the vapour phase above the liquid fuel.
As the mole fraction of benzene is directly proportional to the percentage of benzene, the correction factor was calculated as the ratio of the actual percentage of benzene for the gasoline under consideration divided by the standardised percentage of benzene associated with the BE (3%). For example, gasoline with 5% benzene would have a modifying factor of 5 -3, equal to 167.
Limited published retrospective data on the benzene contents of fuels were available before 1980. An exercise was carried out to estimate the average benzene content of the fuels for each of the important sources (United Kingdom refineries and imports) for each year of the period 1920-80. This involved the construction of a simple computer aided model to simulate refinery operations. The average benzene content was obtained by processing information on crude oil types, unit refinery configurations, concentrations of lead added, and required petroleum specifications and volumes.
Each terminal was assigned a refinery source(s) for different periods according to the terminal information, company information, or geographical region or location. The mean benzene content for the period associated with each job of the work history was then calculated.
Mixture ofproducts This factor has not been applied as such in previous studies.
There were over 300 terminals in the study and the relative quantities of petroleum handled as a function of total product varied with the different sizes of terminals. Figure 2 shows the percentage of petroleum in the total of petroleum products and except for a short period during the second world war never exceeded 50%.
Small terminals tended to handle smaller proportions of petroleum, than the large terminals away from urban areas. Terminal information indicated that < 10% of the products handled at small terminals was petroleum.
The BEs were standardized to 100% petroleum handled and therefore if lower proportions were handled a modifying factor was applied. A linear relation was assumed for adjustment purposes so that a modifying factor of 0 1 (10 + 100) was applied to a terminal handling only 10% petroleum. When product mix information was not directly available from site information, the modifying factor for product mix was applied according to the size of the site, the period, and the types of products handled (table 2) , derived from sites where data were available.
Application of this modifying factor always has the effect of reducing exposures as the BEs are assumed to relate to handling 100% petroleum.
Temperature
The amount of vapour present above liquid gasoline is dependent on a combination of the 1 1 1920 1930 1940 1950 1960 1970 1980 1990 1925 1935 1945 1955 1965 1975 1985 Year Figure 2 Percentage ofgasoline in total petroleum products. where P, = vapour pressure; and T = temperature (0C).
The modifying factor used was the ratio of the vapour pressure at the temperature of interest to the vapour pressure at the reference temperature of 10°C.
Loading technology During the study period road tanker loading was carried out with both top splash and top submerged loading techniques (fig 3) .
The filling of road tanker vehicles with product by top splash loading has not been undertaken for over 30 years as there is a risk of static discharge which could lead to explosions. There are very limited data available on emissions during this activity, although the American Petroleum Institute undertook a study reported in 1959.2 Based on the interpretation of these data, which related specifically to the differences between top splash and top submerged loading, a factor of three times the BE for top submerged loading was deemed appropriate to estimate the equivalent benzene exposure from top splash loading. This is the same value as that used in the Canadian study. 18 Terminals built or renovated from the mid1950s were assumed to have been equipped with top submerged loading facilities with confirmation, when possible, through available site data. For sites where there was no information about the date of conversion to top submerged loading technology, 1960 was chosen for the purposes of this study, after examination of available terminal information.
NON-EXPOSED PERIODS
The total occupational exposure to benzene is the exposure during the handling of gasoline plus any exposure to benzene that might arise at work when not handling gasoline. Four of the six modifying factors relate to operational considerations-namely, the number of loads of petroleum handled each day, percentage of benzene, temperature, and loading technology. The other two factors-namely, job activity and product mix-are related to time. The total occupational exposure was calculated by the addition of the adjusted estimate of exposure to gasoline and the corresponding proportion of the background exposure when not exposed.
PEAK EXPOSURE
It was recognised that the nature of the exposure experienced for many of the jobs was not uniform, but intermittent, with the breathing zone concentrations varying during the working day as a function of the activities undertaken. It was further recognised that the nature of this type of occupational exposure could be important. Accordingly, a qualitative classification of 12 peaks was developed, characterising the intensity (two categories, 1-3, > 3 ppm), duration (two categories, 1-15, 15-60 minutes), and frequency (three categories, daily, weekly, monthly) of the peak. The peak categories were allocated to cases and controls on the basis of job title, terminal information, and work history comments, taking into account the possibility of short term events, such as loading of road vehicles or spillages. More than one peak category could therefore be assigned. For example, vehicle loading could give rise to a peak of 1-3 ppm intensity lasting about 30 minutes every day, but may also give rise to a higher peak (> 3 ppm) on a weekly basis. Table 3 gives the values of the BEs for each job category, the number of data points used to formulate the BE, and the frequency of occurrence in the study.
The BEs ranged from 0 003 ppm for those exposed to population background up to [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ppm for drum filling. About 40% of the work history lines were assigned background or population BEs and a further 34% were assigned the driver top submerged loading BE. Variation in the operator BEs from 0-16 to 7-34 was largely due to variation in the benzene content of the fuel, adjustment for which was incorporated in the BE rather than as an additional modifying factor.
MODIFYING FACTORS
On the occasions when modifying factors were not applied the factor defaulted to 1. Table 4 gives the number and percentage of lines in which a modifying factor was applied and the number of occasions when this would have led to an increase in the BE. The final WE was calculated by multiplying together the BEs and all of the appropriate modifying factors. Of the resulting WEs, 6&4% were above their respective BEs with the rest being at or below this value.
The benzene content of the motor fuels to which cases and controls were exposed were in the range 1%-6% by volume for normal gasolines and up to 36% in benzene enriched fuels. Before 1950, all fuel was imported and the benzene figures were 1% up to 1930 and 2% thereafter. Between 1950 and 1960 seven major refineries were built in the United Kingdom and the benzene content of the fuels varied according to a variety of factors-for example, source of crude oil, refinery configuration, and concentrations of added lead. Table 5 gives the range of benzene contents (% by volume), the value of the modifying factor and the frequency with which this occurred in the 1616 lines. About 40% of work history lines related to fuel with a benzene content < 3%, with only 4% of lines being associated with a benzene content ) 5% by volume. There was no modification required for many lines in which either exposure was at background levels, or the lines were associated with operators in whom the adjustment for benzene content was incorporated into the BE. Table 6 gives the frequency of workplace estimates (8-hour TWA exposure estimates (ppm)) for selected job categories, together with the mean (SD, range). As mentioned in the method, the arithmetic mean has been generally accepted as an appropriate measure of long term exposure. It can be seen that the mean exposure estimates for all these jobs was well below 1 ppm. The ranges of the WEs (table 6) were fairly small except for drivers and operators. For example, the range for drivers who carried out top loading was 0-02 to 14-40. The maximum value of 14-40 was derived by modifying the BE of 0-4 for this job (table 3) for a benzene content of 36% (modifying factor = 12, see method for percentage of benzene in gasoline), and for splash loading (modifying factor = 3, see method for loading technology).
WORKPLACE ESTIMATES
Cumulative exposures were calculated for each case and control by summing the workplace estimates over all the lines of the work history. Figure 4 shows the frequency of Pump and tank fitter occurrence of the cumulative benzene exposures (ppm-years) for all the cases and controls, (the distribution was similar for both). Cumulative exposures ranged from < 0 1 to > 200 ppm-years, although 81% were < 5 ppm-years. Figure 5 shows the range of WEs calculated during this study together with the WEs that would have been obtained if the product mix modifying factor had not been applied.
INFLUENCE OF APPLYING A PRODUCT MIX MODIFYING FACTOR
The mean cumulative exposure for the people in the study was 4-61 ppm-years. If the product mix factor had not been applied the mean would have been 8-08 ppm-years. The graph indicates that the greatest effect from applying this factor is in the higher exposure ranges. This is due to low proportions of gasolines being handled during the earlier decades of the study, when exposures were at their highest-for example, during splash loading. The exposure values obtained by the method used should be treated as estimates of average exposure that characterise the long term exposures experienced during each task under consideration. Limited differentiation of individual study members was possible from the interview information available, but it was not possible to allow for variation in worker practice between and within sites.
An assumption was made that in the long term, operators at a terminal would work the same proportion of time at each of the tasks associated with the job title. Although the study did not attempt to measure the effect of dermal contact or intermittent exposures, it did consider these issues in a qualitative manner.
Although it is often considered that exposures to benzene must have been greater in the past, there is no evidence of this within the United Kingdom petroleum distribution industry. This was largely due to the benzene content of the fuels being lower in the past and many of the small terminals handled relatively small proportions of fuels containing benzene. Also, petroleum distribution was not a renowned "dirty" industry. The hazards of mishandling gasoline and other inflammable materials have long been acknowledged and articles from company magazines, as early as the 1 900s, which highlighted the need to handle products carefully to avoid such hazards and the cost associated with product spillages and loss. This is also reflected in the mortality statistics of the cohort study of United Kingdom petroleum distribution workers, where no excess of deaths due to accidental fire and explosion was found. 28 It was not possible to quantify the levels of exposure due to skin contact in this study. However, the proportion of benzene absorbed by the skin has been shown experimentally to be very small.2 The industrial hygiene practices and the use of protective equipment such as gloves would also have greatly reduced the potential for dermal contact. It was possible to compare the exposure data for selected activities with published sources of information not used for the study. The results of six such comparisons showed comparability in four instances with one overestimate (factor of 2) and one underestimate (factor of between 1 and 2 2).
Conclusions
The estimates of exposure to benzene obtained in this study form a basis for an epidemiological analysis, and enable an assessment of the risk of leukaemia to be evaluated. Further work could include research into the appropriate methods for the development of ranges around the derived estimates and the measurement of intermittent exposures.
The advent of detailed health and safety legislation that requires more formal and structured health risk assessments, will lead industry to collect and retain more comprehensive data associated with workplace activities.
